This paper summarizes the activities performed at EADS Space Transportation and Moog Inc., Space and Defense Group, for the development of an electromechanically actuated cryogenic valve with application to upper stage rocket engines. In this joint activity, EADS-ST is providing the cryogenic sleeve valve and Moog is providing the cryogenic ElectroMechanical actuator (EMA). This EMA actuated cryogenic valve is identified as an enabling technology for future propulsion systems.
Advantages of Electro-Mechanical Actuations for Valves
Today, there are many supporting arguments for the use of electro-mechanical actuation instead of the traditional pneumatic or hydraulic actuation for controlled valves. With the advances in digital and power electronics, the capability of electric powered actuation has significantly advanced.
1.1
Application of a simple electric system instead of a complex pneumatic system leads to the following benefits:
Eliminates the need for a secondary, pneumatic system to power the actuator Actuator design is simplified, with no need for leakage prevention seals and bellows Heritage spacecraft electric actuation technology is utilized (motors, electronics, wiring) Integration and check-out on the vehicle is minimized Valve / actuator assembly is a line replaceable unit (LRU)
1.2 Flexibility of the electric actuation system minimizes the impact of propulsion system requirement changes, leading to the following benefits:
Enhancement of valve performance can easily be realized by upgrade to the integral actuator Minimum component and system interfaces maximize the actuator adaptility Adaptable to various vehicle electrical systems (voltage, current electrical pulse duration) by changing the controller and power supply Advantages of an electro-mechanically actuated cryogenic valve can be summarized as:
(1) Reliability of the propulsion system is increased, by eliminating the secondary pneumatic system (2) Adaptability to evolving system requirements results in less expensive deltaqualifications (3) Regulation of propellant mass flows can be implemented with closed loop actuator position control (4) Propulsion system development and operational costs are reduced According to these advantages, the electromechanically actuated valve can be used to regulate flow in a turbine bypass line as well as a shut-off valve in front of a thruster chamber in the propulsion system for hypergolic or cryogenic launchers.
Development Program
The development program of the cryo EMA driven valve consists of the following elements:
A 
EADS Valve Heritage and First Technology Test Results
The high pressure (HP) cryogenic propellant valve (see Figure 1 and 2) represents a new generation of valves designed for future high performance engines for rockets, but is also ideally suited for such applications as cryogenic fluid handling and rocket engine test stands.
The following listed points characterize the present valve design according to the requirements given in Table 1 for the prototype valve:
1. Coaxial flown poppet valve (very low delta-P) 2. Inlet poppet cone shape is adjustable for dedicated control characteristic (O/F or gas flow control valve) 3. Very low actuation forces nearly independent from line pressure 4. Realization of spring loaded seal force to eliminate thermal stresses 5. Electrical drive will block in the position in case of power loss 6. Seat of soft material PTFE 7. Present valve design can be easily adapted to a flow path diameter from 35mm to 70mm During the test program proof pressure tests, and leakage measurements versus the main seat and versus the vent-line have been performed at different pressure levels (between 5 bar and 100 bar) and at ambient and LN2 temperature. Also, the influence of the main seat force versus the leakage on main seat has been investigated by tests at ambient and LN2 temperature. A verification of the dynamic seal design has been completed with good results. The basic concept of this design has shown good operational performance. At higher pressure levels (between 50 and 100 bar) the sealing behavior is supported by the pressure force. But also for the pressure range between 5 bar and 20 bar, where the pressure force has nearly no impact on the sealing behavior, the sealing behavior is very good. The main seat design shows satisfactory results. The sealing force, especially for the 100 bar test performed at LN2 temperature, exceeded slightly the predicted value. Also, the different marks on the sealing area indicate that the sealing edge seals on different positions at ambient and LN2 temperature, resulting from different thermal expansion of the tubular shutter (Inconel) and the main seat (massive polymer; PCFTE) 
First Hot-firing Test Result with the Prototype Valve at EADS
The valve (equipped with a battleship drive) has been incorporated within the Vinci TCA -test campaign (ignition and ramp-up tests) and has seen herein more than 500 cycles (open / close) in warm and cold conditions. The test campaign is summarized as follows:
The high pressure cryogenic valve was integrated with a battleship electromechanical actuator and successfully tested. The typical valve behavior of the valve opening sequence derived from the Vinci TCA testing is shown in the Figure 8 :
The typical valve behavior of the valve closing sequence derived from the Vinci TCA testing is shown in the The analysis of the performed tests revealed a good behavior of the valve opening and closing performance and had reproducible values. Depending on the tests performed, the following opening times could be achieved:
VCO: opening from 0,24s to 0,72s closing from 0,18s to 0,59s VCH: opening from 0,36s to 0,56s closing from 0,36s to 0,55s
It is to be mentioned that the response time is triggered by the sequence, by the medium, the performance of the actuator and the test set-up requirements.
Moog Cryogenic EMA Development
Moog developed the linear actuator to fit the needs of the existing EADS cryogenic valve. The design was based on experience with cryogenic Moog valve and actuators. An existing development valve controller was used for this actuator/valve demonstration while development of a modern digital controller for this type application is funded under a parallel research and development project.
1.1 Key characteristics of the Moog Actuator Design:
(1) The actuator uses closed loop control with a RVDT position indication to actively position the valve element at any position through the stroke. The actuator was designed around the existing valve. This constrained the specific interface and layout. To minimize envelope and length a "folded back" design was used to integrate the components in tight around the valve body and away from the valve outlet.
Placing the actuator in close proximity with the valve drives the same temperature range requirement as experienced by the valve. The cryogenic temperature range constrained the bearings and gear train to operate without liquid/grease lubricants. The differential thermal expansion was also compensated for with the centerline distances and fits of the gear train components. The actuator 44mm linear output drives the valve slider sleeve element via a pivoting crank arm. The actuator is isolated from dynamic seal leakage with an Inconel bellows. The dynamic seal leakage is actively vented to prevent pressurizing the bellows. The operation of the actuator first requires the release of the brake by energizing it with a 24 to 32 Vdc continuous command. The brake uses a "tooth engagement" type locking mechanisms to provide positive locking over the temperature range, so there is no dependence on a friction material. The brake locks the motor drive idler gear when engaged. During actuation the motor pinion gear drives an idler gear, which in turn drives a gear fixed to the planetary roller screw nut. The roller screw is located by a quad set of angular contact bearing arrangement, and as the nut rotates, the screw shaft is extended or retracted linearly. The roller screw configuration allows a rotary to linear force transfer in a compact, efficient package. A slider that is guided by two keys fixed to the actuator housing provides the roller screw shaft anti-rotation.
Valve position monitoring is provided by the RVDT, which is connected to the roller screw nut through anti-backlash spur gears. The RVDT has a planetary gear designed modified for the cryogenic temperature range. The gearing reduces the roller screw nut revolutions over the valve stroke to an angular motion less than the 70 degree operating range of the RVDT. RVDT position feedback is used to actively control the valve position when operating. When not operating the de-energized brake locks the valve in a fixed position. The actuator performance was demonstrated at stabilized ambient and cryogenic temperatures in the unloaded condition. In addition performance was demonstrated during transition from ambient to cryogenic temperature. Figure 12 shows telemetry of the actuator operated continuously at 0.02Hz during the transition from ambient to cryogenic (LN2) temperature. The current draw increased as the motor coil resistance decreased, but the operation was smooth and there was no increase in the position error. Figure 14 shows a response plot for the cryogenic test. Over shoot of the actuator position at the end of stroke was minimal. Table 2 summarizes the opening and closing response at the 10%, 90%, and 100% stroke position. The position error was less than ±0.3mm required for flow control applications. Figure 15 shows the increase of response time corresponding with the increase of inlet pressure and therefore dynamic seal friction. The brake operates independently of the controller and was energized to release before the actuator was operated. Since the brake is a current driven device the cryogenic and ambient temperature performance was similar. 
Summary

Conclusion
The cryogenic EMA/valve assembly has successfully completed initial development including light qualification. Ongoing development work includes testing the EMA/valve assembly at the engine level at EADS and digital controller development at Moog. The knowledge and experience gained during the design development and test program of the cryogenic EMA/valve assembly by EADS and Moog can be applied to fulfill the requirements for a wide range of cryogenic fluid control applications. An EMA driven valve can benefit a propulsion system with: Increased reliability, Improved adaptability to evolving system requirements, Proportional flow control capability, and Reduced life cycle cost.
